G Model 

JVAC-16358; No. of Pages 7 


ARTICLE IN PRESS 


Vaccine xxx (2015) xxx-xxx 



ELSEVIER 


Contents lists available at ScienceDirect 

Vaccine 

journal homepage: www.elsevier.com/locate/vaccine 



Age-dependent immune responses and immune protection after 
avian coronavirus vaccination 

Frederik W. van Ginkel* *, Justin Padgett, Gisela Martinez-Romero, Matthew S. Miller, 
Kellye S. Joiner, Stephen L. Gulley 

Department ofPathobiology, College of Veterinary Medicine, Auburn University, 217 Scott Ritchey Research Center, Auburn, AL 36849, USA 


ARTICLE INFO 


ABSTRACT 


Article history: 

Received 17 December 2014 
Received in revised form 20 March 2015 
Accepted 10 April 2015 
Available online xxx 


Keywords: 

Age-dependent immunity 
Infectious bronchitis virus 
Antibody kinetics 
Mucosal immunity 
Avidity index 
Avian coronavirus 


Infectious bronchitis virus (IBV) is an endemic disease of chickens and a major contributor to economic 
losses for the poultry industry despite vaccination. Recent observations indicated that chicks may have an 
immature immune system immediately after hatching when vaccinated for IBV. Therefore we hypoth¬ 
esized that early IBV vaccination will generate an immature, poorly protective IBV-specific immune 
response contributing to immune escape and persistence of IBV. To test this hypothesis the IBV-specific 
immune response and immune protection were measured in chicks vaccinated at different ages. This 
demonstrated a delayed production of IgG and IgA plasma antibodies in the 1, 7 and 14-day-old vaccina¬ 
tion groups and also lower IgA antibody levels were observed in plasma of the 1-day-old group. Similar 
observations were made for antibodies in tears. In addition, IgG antibodies from the 1-day-old group had 
lower avidity indices than day 28 vaccinated birds. The delayed and/or lower antibody response combined 
with lower IgG avidity indices coincided with increased tracheal inflammation and depletion of tracheal 
epithelia cells and goblet cells upon IBV field strain challenge. The lack of vaccine-mediated protection 
was most pronounced in the 1-day-old vaccination group and to a lesser extent the 7-day-old group, 
while the 14-day-old and older chickens were protected. These data strongly support IBV vaccination 
after day 7 post hatch. 

© 2015 Elsevier Ltd. All rights reserved. 


1. Introduction 

IBV is endemic and currently one of the most important causes 
of economic losses for the poultry industry and represents a contin¬ 
uous threat for this industry. In the past, it was estimated that with 
the best possible management of flocks IBV infection will reduce 
income by approximately 3% when compared to an IBV-free flock 
[1 . There is approximately a 50% vaccine failure for Arkansas (Ark) 
serotype of IBV [2], the most prevalent vaccine serotype used in 
the USA. Symptoms of IBV infection include, but are not limited 
to, wet eyes, swollen face, tracheal and kidney lesions, respiratory 
disease, reduced weight gain in broilers, decreasing and poor egg 
quality in layers [3,4]. The existence of various IBV serotypes as 
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well as antigenic variants [4] complicates vaccination programs. 
Since immunity induced by vaccination against a single serotype 
generally provides insufficient protection against other serotypes 

[5,6]. 

Mucosal immunity plays a role in the control of IBV in chick¬ 
ens as was demonstrated using IBV-resistant and IBV-susceptible 
inbred chicken lines [7]. This combined with the finding of Gelb 
et al. [8 , in which ocular immunization with the Massachusetts 
Connaught strain of IBV only on day 1 or on dayl plus day 14 
followed by challenge with Massachusetts 41 provided protection 
of 8% and 50% of the chickens, respectively, while the same SPF 
White leghorns only ocularly immunized on day 14 were 100% 
protected [8 . BSA immunization of 1, 7 and 12 day old broiler 
chickens obtained very similar results [9]. This raises questions 
pertaining the maturity of the immune system and in particular 
the mucosal immune system, and the ability of chicks to generate 
a protective immune response when vaccinated at a very young 
age. 

Conjunctiva-associated lymphoid tissue (CALT) and Harderian 
glands do not fully mature as a lymphoid organ until weeks after 
hatching 5,6,10-12. This combined with the practice of immuniz¬ 
ing and boosting for IBV early after hatching may set up the immune 
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response for failure to protect. The second IBV immunization 
on day 14 of age, which by itself is fully protective, does not com¬ 
pletely compensate for the premature priming on day 1 [8 . Field 
studies by de Wit et al. [3] demonstrated a lack of protective immu¬ 
nity when birds were boosted between day 8 through day 13 of 
age. The percentage of birds in a commercial flock positive for IBV- 
specific IgM antibodies was correlated with vaccine protection and 
increased with the age of boosting. This data supports the notion 
that early vaccination and boosting of the IBV immune response 
may limit induction of protective immune responses to IBV. Unlike 
the study by Gelb et al. [8 , the de Wit et al. [3] study can also be 
interpreted that maternal antibodies interfere with vaccine deliv¬ 
ery during the first 2 weeks of life [13]. 

Further evidence that the immune response may be limited dur¬ 
ing the first weeks of life comes from the observation that IgA levels 
are undetectable in plasma the first week of life and IgM levels are 
low [14 . This indicates that immunoglobulin class switching and 
production of antibodies is very limited during the first week post 
hatch and therefore chicks are highly dependent on maternal IgY 
antibodies for protection against IBV, which drops ~50% during the 
first week of life [14 . 

Besides diminished B cell response after vaccination, splenic T 
cells from one week old chickens are also less responsive to poly¬ 
clonal activation than that of older chickens. The splenic T cells from 
1 day old chicks even produce inhibitory factors for proliferation of 
mature T cells in vitro [15]. Furthermore, splenic lymphocytes of 
40 day old chicken displayed better antigen specific proliferation 
after oral Salmonella exposure than 10 day old chicken 16 . When 
measuring gene expression in lung and trachea in 1 and 4 week 
old birds after avian influenza exposure a reduced expression of 
immune-related genes was shown and included innate immune 
response genes in the younger birds 17]. Additional evidence that 
innate immune mechanisms are diminished in young chickens 
was demonstrated by a lower Salmonella phagocytic index of het¬ 
erophils during the first few days of life 18]. Thus, early exposure to 
pathogens or vaccines may induce suboptimal innate and adaptive 
immune responses. 

Based on these observations we hypothesized that early IBV 
vaccination, i.e., within the first week after hatching, will gener¬ 
ate an immature, poorly protective IBV-specific immune response 
contributing to IBV immune escape and persistence. Therefore, the 
ability of SPF chickens of different age to induce an IBV-specific anti¬ 
body response and protect against challenge with an IBV field strain 
was measured. Our data indicate that early vaccination is subopti¬ 
mal for induction of IBV-specific immune responses and immune 
protection. 


2. Materials and methods 

Chickens: Specific-pathogen-free (SPF) white leghorn eggs were 
obtained from Sunrise Farms, Inc., Catskill, NY, hatched and used 
in all experiments. All hatched chickens were used for the below 
outlined experiments regardless of sex. Chickens were housed in 
cages in BSL 2 facilities for the duration of the experiment. Food 
and water were provided ad libitum. All experimental procedures 
and animal care were performed in compliance with all applicable 
federal and institutional animal use guidelines. Auburn University 
College of Veterinary Medicine is an Association for Assessment 
and Accreditation of Laboratory Animal Care (AAALAC)-accredited 
institution. 

IBV-vaccination and challenge: SPF chickens were ocularly vac¬ 
cinated with 3 x 10 5 50% embryo infectious doses (EID 50 ) of a live 
attenuated ArkDPI IBV vaccine strain (Zoetis, New York, NY) in 50 pi 
PBS, which was expanded in our laboratory. Chickens were vacci¬ 
nated 1 day of age and 1, 2, 3 or 4 weeks of age. All groups were 


challenged ocularly with 7.3 x 10 5 EID 50 of the AL/4614/98 IBV field 
strain 21 days after vaccination 

Sample collection: Tears were collected as previously described 
[19]. Blood samples were obtained by puncturing the brachial vein 
with a sterile 20G needle into Kendall monoject, EDTA containing, 
blood collection tubes (Tyco Healthcare Group LP, Mansfield, MA) 
and incubated on ice. Blood samples were centrifuged at 500 xg 
for 30 min. Plasma was collected and stored at -80 °C until tested. 

IBV propagation and purification for ELISA: IBV was propagated 
in SPF White Leghorn embryonated chicken eggs (Sunrise Farms, 
Inc., Catskills, NY) by inoculation on day 10 of embryonation as 
previously reported [20]. Supernatants were titrated for the IBV 
virus using the Reed and Muench method [21]. IBV was treated 
with 0.1% (3-propriolactone for 30 min at 37 °C [22 . Inactivation 
of the virus was confirmed by injection into embryonated eggs. 
The inactivated IBV was purified based on a previously published 
protocol [23]. The virus was then stored at -80 °C until used. 

2.1. IBV-specific ELISA 

In order to measure IgG (IgY), IgA and IgM antibody levels 
in plasma and tears of chicken, an IBV-specific enzyme-linked 
immunosorbent assay (ELISA) was developed as previously 
described [20 . In Brief, ELISA plates were coated with (3- 
propriolactone killed, purified IBV at 2 pg/ml in carbonate buffer. 
The plates were blocked with PBS-BSA (1%) after which the 
samples were loaded at two-fold dilutions. Binding of chicken 
antibodies was detected using biotinylated anti-chicken-IgG, -IgA 
and -IgM monoclonal antibodies (Southern Biotechnology Asso¬ 
ciates, Inc., Birmingham, AL) followed by streptavidin-horseradish 
peroxidase. The plates were developed using TMB (3, 3\ 5,5- 
Tetramethylbensidine; Invitrogen corp., Frederick, MD) substrate. 
The highest sample dilution with at least an optical density of 0.100 
above background level at 450 nm was defined as the endpoint- 
titer. Ten to thirteen chickens were analyzed per group. The control 
group consisted out 3 chicken from each age group for IgA and IgG, 
which were pooled in one group of 15 since no differences were 
observed between the controls. For IgM levels in plasma the con¬ 
trols (each group containing 5 chickens except day 28 which had 3) 
were displayed separate for each age group. This was done because 
significant differences were observed between control IgM levels 
to IBV in different age groups. 

2.2. Avidity index 

The avidity index was determined as previously described 
[24,25] using the above described IBV-specific ELISA. Plasma and 
tears were diluted 1:64 in ELISA buffer and were loaded on (3- 
propiolactone killed IBV coated ELISA plates (2 pg/ml) [20 . After 
overnight incubation of these samples at 4°C, 100 pi of increas¬ 
ing concentrations of potassium thiocyanate (0.00, 0.094, 0.187, 
0.375, 0.75,1.50,3.0 M KSCN) were loaded into the wells and incu¬ 
bated for 30 min at room temperature. After washing the plates, 
the detection of IBV-specific antibodies was accomplished as previ¬ 
ously reported [20]. The data were normalized to percent inhibition 
relative to samples not exposed to KSCN. The concentration of KSCN 
to inhibit 50% of the reactivity of the ELISA was defined as the avid¬ 
ity index 24,25 . The OD 450 read-out for the KSCN inhibition data 
was curve-fitted using 3-order polynomial regression analyses in 
Microsoft office Excell program. The Excell provided formula for the 
inhibition curve was used to determine the x values ofy = 0.5, which 
are the concentrations of KSCN inhibiting 50% of the ELISA reactiv¬ 
ity, representing the avidity indices of those samples. All samples 
were analyzed in triplicates and 4-5 samples were analyzed per 
group. 
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2.3. Histomorphometrics and histopathology 

The cranial 1/3 of tracheae was collected 4 days after IBV 
challenge with 7.3 xlO 5 EID 50 of AL/4614/98 IBV field strain. 
The tracheae were formalin-fixed and embedded in paraffin. 
Longitudinal 5 p,m sections were made and were hematoxylin 
and eosin (H&E) stained and analyzed for mucosal thickness 
using Aperio Scan Scope and the Image J morphometry program 
(rsb.info.nih.gov/ij/download.html).To measure the mucosal thick¬ 
ness 5 measurements were made at regular intervals on one 
tracheal ring (see Supplemental Fig. 1). 

As stated above, histopathology was analyzed in H&E stained 
tracheal slides 4 days after IBV challenge. Besides mucosal thick¬ 
ness (see supplemental Fig. 1), deciliation (see supplemental Fig. 
2), goblet cells (see supplemental Fig. 3) and lymphocytes scores 
(see supplemental Fig. 1) of the tracheal mucosa were evaluated 
blindly and scored 1 through 5 based on severity (i.e., normal, mild, 
moderate, marked, severe). Five chickens were used as positive and 
negative controls, i.e., one of each age group, and 10-13 chick¬ 
ens were analyzed for each age group. A visual depiction of the 


scoring of these parameters is provided in the supplemental data 
(supplemental Figs. 1-3). 

Statistical analysis: Data were analyzed using a one-way ANOVA 
test with Newman-Keuls multi-comparison test or the t -test using 
GraphPad Prism5 software. Groups were considered significantly 
different when P< 0.05. 

3. Results 

To determine whether age of IBV vaccination affected the 
humoral immune response, plasma samples were collected 14 and 
21 days and tears 14 days after vaccination with 3 x 10 5 EID 50 of a 
live-attenuated ArkDPI IBV vaccine strain on 1, 7 14, 21 or 28 days 
of age. The IBV-specific IgG endpoint titers in plasma 14 days after 
vaccination are significantly lower for day 1 vaccinated birds with 
a mean of 7.8 ±1.0 when compared to day 14, 21 and 28 vacci¬ 
nated birds, which means vary between 10.2-11.4. The 7-day-old 
group does not differ significantly from day 1 or later vaccinated 
bird (Fig. 1 A). The IgG IBV-specific plasma levels 21 days after vacci¬ 
nation demonstrate, that the day 21 and 28 old vaccination groups 
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Fig. 1. The IBV-specific IgG, IgA and IgM response in plasma. Endpoint titers of IBV-specific IgG on day 14 (A) and 21 (C) as well as IgA on day 14 (B) and 21 (D) and IgM on 
day 7 post IBV vaccination (squares) and in controls (circles) (E) were measured by ELISA. Chickens were vaccinated at day 1, 7,14, 21 or 28 of age. Unvaccinated chickens of 
the different age groups served as negative control. The data was analyzed by one way ANOVA with the Newman-Keuls post-test. The control group contains 3 data points 
for each age group, which were pooled in one group (n = 15). All vaccinated age groups contained between 10 and 13 chickens for IgG and IgA. A significant difference is 
observed at P< 0.05 and is indicated by different letters. IgM levels in IBV vaccinated birds are depicted by squares (n = 5) and the controls by circles (n = 5, d28 group n = 3). 
For the IgM controls the different age groups are shown separately since significant differences were observed between them. A significant increase (P<0.05) of IgM levels 
in IBV vaccinated birds over their control group is indicated by a (*). 
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stayed the same, while IgG antibody titers in groups vaccinated 
on day 1, 7 and 14 still increased (Fig. 1C). This shows that early 
vaccination causes a delay in the IBV-specific IgG antibody kinetics. 

The IBV-specific IgA plasma antibody titers are not significantly 
different between groups, although the day 1 vaccinated group 
mean antibody titer is the lowest of all groups (Fig. IB) and at least 
3-fold lower than the next lowest group. Unlike the IgG antibody 
titers only the day 7 vaccination group increases in mean IgA plasma 
titer on day 21 post vaccination, while day 14 group stays the same 
and the day 21,28 and 1 groups decline in mean IgA titer. Thus, only 
the day 7 group increases antibody titers on day 21 when compared 
to older birds. Thus, the day 7 group displays a delayed response 
in antibody production compared to older birds. The day 7 and day 
14 groups have plasma IgA titers to IBV that are comparable to, or 
higher than, the day 21 and 28 groups on day 21 of the response. 
Unlike the day 7 and day 14 vaccination groups the day 21 and 28 
groups are declining on day 21 of the response compared to the 
immune response on day 14. This indicates that they are past their 
peak response on day 21 and possibly even on day 14 based on pre¬ 
vious observations [20 . These data are consistent with a delay in 
the IgA plasma response to IBV in birds vaccinated at a younger age 
and a non-significant decline in mean IgA titers in the 1-day-old 
group. 

IBV-specific IgM antibody titers were measured in plasma. The 
plasma samples analyzed were collected on day 7 post vaccina¬ 
tion. This time point was selected based on the literature in which 
the peak IgM response was observed between 5-9 days after virus 
challenge or live virus vaccination 26-28]. Due to the variability 
of IBV-reactive IgM in the controls between different age groups, 
independent controls were included for each age group. The IgM 
levels in the controls decreased considerably by ~2 week of age 
after (7 days after the day 7 old chick vaccination) which increased 
one week later and stabilized in older age control groups (Fig. IE). 
The day 14 through day 28 control IgM levels were significantly 
higher than in the day 1 and day 7 age group controls. And the day 
7 control was significantly lower than the day 1 control IgM levels. 
All IgM titers from the IBV vaccinated age groups were significantly 
higher when compared to their controls (P<0.05) with exception 
of the day 21 age groups (P= 0.08). This was due to higher control 
values, which were ~1.6 fold higher than in the age 14 or 28 days 
old groups. This may reflect an initial peak of natural antibodies 
induced to IBV before stabilizing. The IBV vaccinated age groups did 
not differ significantly in IgM antibody levels to IBV with exception 
of the day 1 IBV vaccinated group, which mean ± SE was 8.7 ± 0.6 
had significantly lower IBV-specific IgM levels in plasma than the 
day 14 (10.2 ±0.4) day 21 (10.6 ±0.7) and day 28 (11.2 ±0.5) vacci¬ 
nated birds but did not differ significantly from the day 7 (9.2 ± 0.5) 
vaccinated birds (Fig. IE). The day 7 IgM antibody titers were also 


significantly lower than those in the day 28 vaccination group but 
not compared to the other age groups. 

In tears the IBV-specific IgG response is significantly higher in 
the day 21 and 28 vaccinated groups than in the day 1 and 7 vacci¬ 
nated chickens for day 14 of the immune response (Fig. 2A). The IgG 
endpoint titer in the day 1 immunized group is even significantly 
lower than the day 7 immunized group, while the day 14 immu¬ 
nized group is intermediate between the day 7 group and chickens 
vaccinated at an older age. Thus, a correlation between age of vacci¬ 
nation and the magnitude of the IBV-specific IgG response in tears 
is observed on day 14 of the IBV-specific immune response. 

The day 14 and 21 groups have significantly higher IgA anti-IBV 
responses in tears on day 14 after vaccination compared to the day 
1 group. The day 1 group is not significantly different from the day 
7 and 28 vaccination groups. The day 28 group is also significantly 
lower than the day 14 and 21 groups (Fig. 2B). This is likely due to 
the day 28 group displaying faster kinetics for IgA antibody levels in 
tears after vaccination, rather than a lower response [20 . The day 
14 group IgA response is significantly higher than the day 1 and 
day 7 groups consistent with a delay or deficiency in the mucosal 
antibody response when vaccinated at an earlier age. 

Our data indicate there is a delay in antibody production when 
vaccinated at a younger age. The day 1 vaccination group not 
only displays a delay but also lower levels of antibody production. 
To determine whether there are not only quantitative differences 
between antibodies produced when vaccinated on day 1 but also 
qualitative differences we compared avidity indices for IgG and IgA 
antibodies from plasma and tears generated in 1 day old versus fully 
matured 28 day old birds 14 days after IBV vaccination. As is illus¬ 
trated in Fig. 3A,B a significantly higher avidity index is observed 
for IgG plasma antibodies for the day 28 vaccination group when 
compared to the day 1 vaccinated birds, while no significant differ¬ 
ence is observed for IgA plasma antibodies. The same observations 
are also made for tear IgG and IgA antibodies (Fig. 3C,D). 

Ciliated cells and goblet cells are the primary target of IBV in the 
respiratory tract [29 . Fig. 4 displays the deciliation (Fig. 4A) and 
goblet cell (Fig. 4B) scores 4 days after IBV challenge. IBV challenge 
decreased ciliated epithelial cells and goblet cell score. Ciliated cells 
were fully protected when vaccinated on day 7 of age or later but 
not when vaccinated on day 1 of age (Fig. 4A). The protection of 
goblet cells increases with the age of vaccination and were fully 
protected when vaccinated on day 21 of age or older (Fig. 4B). 

The lymphocytes score and mucosal thickness were also mea¬ 
sured in tracheal samples on day 4 post AL/4614/98 IBV field strain 
challenge as indicators of inflammation. As is illustrated in Fig. 5A, a 
significant decrease in lymphocyte score was observed in the day 7 
and 14 vaccination groups when compared to the day 1 group. The 
day 1 vaccination group did not significantly differ from the day 21 


A 


B 



Age of Vaccination (days) 



Contr. 1 7 14 21 28 

Age of Vaccination (days) 


Fig. 2. The IBV-specific IgG and IgA response in tears. Endpoint titers of IBV-specific IgG (A) and IgA (B) on day 14 of the immune response were measured by ELISA. Chickens 
were vaccinated on day 1, 7, 14, 21 or 28 of age. Unvaccinated chickens of the different age groups served as negative control. Depicted are the means and standard error 
of each age group and the control group, and different age groups are as described in Fig. 1 (n = 10-14 per group). The data was analyzed by one way ANOVA with the 
Newman-Keuls post-test. Differences were considered significant at P< 0.05 and are indicated by different letters. 
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Fig. 3. Avidity indices of IBV-specific IgG and IgA antibodies in plasma and tears from chickens vaccinated at 1 and 28 days of age. Avidity indices were determined using 
KSCN inhibition of the IBV ELISA. Depicted are the means and standard error of plasma IgG (A) and IgA (B) and tear IgG (C) and IgA (D) of n = 4-5 observations per group. The 
data were analyzed using the Student t-test. Differences were considered significant at P< 0.05. 
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Fig. 4. Tracheal deciliation and goblet cell depletion after IBV challenge. To measure the degree of protection against IBV challenge after vaccination tracheal deciliation and 
goblet cell depletion were measured. Chickens were vaccinated at day 1, 7,14, 21 or 28 of age and challenged 21 days later. Unvaccinated/unchallenged chickens of all age 
groups served as negative control and unvaccinated/IBV challenge chickens as positive control. Trachea were collected 4 days post challenge. Depicted are the mean and 
one standard error. For the negative and positive controls n = 5 for the different age groups n = 10-13. The data were analyzed by one way ANOVA with the Newman-Keuls 
post-test. Significant difference was observed at P< 0.05 and are indicated by different letters. 


and 28 vaccination groups due to a small increase in lymphocyte 
score in the latter two groups (Fig. 5A). The day 1 group displayed 
the highest lymphocytes score from all vaccination groups, which 
is consistent with the highest inflammatory response to IBV chal¬ 
lenge. This was also supported by a significant increase in mucosal 
thickness in the day 1 vaccinated group when compared with the 
day 14, 21 and 28 groups but not day 7 group, which was inter¬ 
mediate between the day 1 and groups vaccinated at an older age 
(Fig. 5B). 

4. Discussion 

Based on our data, the hypothesis that early IBV vaccination 
will generate an immature, poorly protective IBV-specific immune 


response, is confirmed. IBV vaccination on day 1 of age, which is 
routinely performed in the poultry industry, will not be fully pro¬ 
tective and as a consequence the chicks remain vulnerable to IBV 
exposure. Thus, early vaccination perpetuates the IBV problems and 
is a factor in the estimated $48 million or more annual loss to the 
poultry industry due to IBV infection [30 . Our measurements of 
mucosal and systemic antibody levels demonstrates a delayed pro¬ 
duction of IgG and IgA plasma antibodies in the day 1, day 7 and 14 
of age vaccination groups. IgA antibody levels in the day 1 group, 
unlike IgG antibodies, do not recover later in the response. Besides 
delayed IgG kinetics, the day 1 group displays also a lower avid¬ 
ity index than the day 28 vaccinated group. Lower avidity index 
is not observed in IgA antibodies. The delayed and/or lower anti¬ 
body response and lower IgG avidity index translated in increased 
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Fig. 5. Tracheal lymphocyte infiltration and mucosal thickness after IBV challenge. To measure the degree of inflammation induced by IBV challenge tracheal lymphocyte 
infiltration and mucosal thickness were measured. Chickens were vaccinated at day 1,7,14,21 or 28 of age and challenged 21 days later. Unvaccinated/unchallenged chickens 
of all age groups served as negative control and unvaccinated/IBV challenged chickens as positive control. Trachea were collected 4 days post challenge. Depicted are the 
mean and one standard error in panel A and the mean, 95-5% interval (boxes) and the maximum and minimum (whiskers) in panel B. The data were analyzed by one way 
ANOVA with the Newman-Keuls post-test. Significant difference was observed at P< 0.05 and are indicated by different letters. For the negative and positive controls n = 5 
for the different age groups n = 10-13. 


tracheal inflammation and depletion of tracheal epithelia cells and 
goblet cells upon IBV challenge when compared to chicks vacci¬ 
nated later in life. A lack of vaccine-mediated protection is most 
noticeable in the 1 day of age vaccination group and to a lesser 
extend the day 7 vaccination group, while the day 14 and older 
vaccinated chickens are protected. 

The IgM antibodies specific for IBV were significantly elevated 
above controls on days 7 of the IBV immune response in all age 
groups except the day 21 group. The day 21 group was not quite 
significant (P=0.08) because of higher IgM levels in the control 
group. This could be due to an initial surge of natural IgM antibod¬ 
ies to IBV in this age group. A significant decline in the 7 day old 
group is observed when comparing the IgM antibody levels to IBV 
in the control day 1 group. This would be consistent with a drop of 
presumably natural maternal IBV-specific IgM antibodies in these 
SPF chickens in the day 7 control age group. These IgM antibodies 
rapidly increases in the day 14 group after which they stabilize in 
the older age groups. This indicates that a considerable portion of 
IgM antibodies in plasma from the older vaccination groups reacts 
with IBV without seeing the virus, indicating these are natural anti¬ 
bodies to IBV, which only increase after day 14 of age. Bacterial 
colonization of the intestinal tract of chickens is established dur¬ 
ing the first two weeks post-hatch [31 . This, combined with the 
observation that probiotics enhance natural antibodies in chicken 
[32], indicates that IBV-specific natural IgM antibodies to IBV are 
possibly generated following intestinal colonization presumably by 
stimulating B1 cells, which are the main producers of natural IgM 
antibodies in sera of mammals [33 . In the IBV vaccinated groups 
we see a steadily incline of IgM IBV-specific antibodies in plasma 
with age as has been reported by De Wit et al. [3 . Only the day 
1 age group displays significantly lower IgM antibody levels when 
compared with the day 14-28 age groups but not with the day 7 
age group. This is consistent with an early in life deficiency or delay 
in the IgM response. 

The lower avidity index for the IgG antibodies in 1-day-old 
chicks is an important factor contributing to decreased protec¬ 
tion to IBV challenge. Increased antibody affinity maturation to 
virus vaccines strongly correlated with better protection [34,35]. 
A lack of antibody affinity maturation observed following vacci¬ 
nation against respiratory syncytial virus was due to a lack of TLR 
stimulation [35 . This indicates that 1-day-old birds may be defi¬ 
cient in TLR expression. Evidence that this is the case comes from a 
recent publication 36] demonstrating, that significantly lower lev¬ 
els of TLR7 expression in spleen and small intestines were observed 
when comparing 1-day-old chicks with 4- to 5-week-old chickens. 
Inclusion of TLR activating adjuvants could alleviate the problems 
of early vaccination by boosting antibody production and affinity 


maturation in 1-day-old chicks. Neither monomeric plasma nor 
dimeric tears-derived IgA [37] displays this drop in avidity index 
for the day 1 vaccinated group (Fig. 3B,D). Although there is a lower 
level of IgA antibodies produced by the day 1 vaccinated birds 
compared to the older groups, which is consistent with a delay 
in class-switching in the day 1 old group, it is not clear why the 
lack of a mature mucosal immune system in the 1-day-old group 
[5,6,11-13] did not result in lower affinity maturation of mucosal 
IgA antibodies compared to the 4-week-old group. 

Another factor influencing early vaccination is the level of 
maternal antibodies, an issue not addressed in this study. There 
exists a linear relationship with the hens’ plasma antibody levels 
and transfer of IgY to the chicks’ circulation [14 . Chicks were over 
95% protected against IBV challenge on day 1 if they had high levels 
of maternal antibodies but less than 30% protected when chal¬ 
lenged on day 7. This protection correlated with local respiratory 
antibodies and not serum antibodies [38 . IBV-specific maternal 
antibodies decreased the induction of neutralizing antibodies fol¬ 
lowing boosting [38] . Despite this inhibition by maternal antibodies 
of the memory response, low or erratic maternal antibody titers 
to IBV in broiler flocks are associated with IBV-induced economic 
losses 39 . This further supports that protection by maternal anti¬ 
bodies, which are predominantly of the IgG isotype, is important 
to prevent activation of an immature immune system that is not 
capable generating a fully protective immune response early in life. 

In several studies IBV vaccination was effective against IBV chal¬ 
lenge in both SPF chickens and commercial broilers when the 
initial vaccination was performed on day 1 [40-42]. However, in 
these studies day 1 vaccination was followed with a second vac¬ 
cination two weeks later for optimal protection against challenge, 
which would have masked the relative poor IBV-specific immune 
responses after the day 1 immunization. Extensive immunization 
on the day of hatch containing three different live attenuated 
viruses, which caused severe vaccine symptoms, provided similar 
protection as two single live attenuated IBV virus vaccines on day 
of hatch and day 14 of age when challenged with a heterologous 
virus 42 . This seems to indicate that induction of cross-protective 
immunity may be less impaired when vaccinated early in life. How¬ 
ever, no direct comparison of the same vaccination protocol was 
analyzed between these two challenge groups, which makes this 
data harder to interpret in the context of age-dependent immune 
responses. 

A decreased humoral immune response to vaccines early in 
life as seen in chickens is also observed in humans. Neonates are 
highly dependent upon passively acquired maternal antibodies, 
since their humoral immune system remains underdeveloped [43]. 
These passively obtained antibodies in infants can alter humoral 
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and antibody-dependent immune responses to vaccines [43,44 . In 
broiler chicks maternal antibodies to pathogens persisted only for 
~10 days [45 . In our study interference of maternal antibodies was 
excluded. The observation that 1-day-old and 7-day-old birds are 
not fully protected when vaccinated are confirming the importance 
of pathogen-specific maternal antibodies during this period. 

In summary we can say that IBV vaccination of chickens on 
day 1 of age contribute to the IBV problem in the poultry industry 
by inducing lower levels and/or slower kinetics of antibody pro¬ 
duction as well as lower avidity IgG antibodies. This results in a 
poorly protective immune response as is demonstrated by subse¬ 
quent IBV field strain challenge. Therefore, it is advisable for the 
poultry industry based on our data to change their practice from 
vaccinating chicks on day 1 of age to vaccinating after day 7 of age. 
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